[1] This paper presents an analysis of subduction and advection within the shallow subtropical-tropical connections (STC) of the Atlantic Ocean. We carried out a kinematic study of the seasonal cycle of subduction, entrainment, and subsurface circulation in an upper Atlantic Ocean general circulation model (GCM), with a particular emphasis on the southern STC that is less studied but more important for the water supply of the equatorial upwelling. It is found that the southern STC, like the northern, has a typical water mass formation rate of 25-50 m/year, depending on the wind product used. This formation lasts 1 to 2 months in the south (longer in the northern tropics) and starts from early winter to late spring, in contrast to the common view of the end of March start. Such a large span of starting time is explained by a key control mechanism of the wind through the spatial distribution and seasonal variations of its speed. Each of these results stresses the importance of the variability as well as the uncertainties of the wind forcing for understanding the sustenance and variability of the characteristics of the tropical and equatorial thermocline. The slow currents within the thermocline branches of the STC may play a role in setting an interannual to decadal timescale for tropical or equatorial SST variability; we estimate an Atlantic STC timescale associated with the main advective pathways that at maximum reaches 5 years.
Introduction
[2] Recent studies aimed at understanding the low-frequency variability of the tropical oceans have hypothesized that oceanic teleconnections between subtropics and tropics could constitute the oceanic part of slow-coupled oceanatmosphere modes [e.g., Gu and Philander, 1997] . Most attention has been focused on the Pacific Ocean because of the importance of El Niño southern oscillation. However, the interannual to decadal variability of the tropical Atlantic Ocean is a strong signal [e.g., Servain, 1991] that provides strong motivation for studying the physics of subtropicaltropical connections within this basin. Various mechanisms could be at play within these connections involving either perturbations of the mean circulation [Lu and McCreary, 1995; Liu, 1999; Huang and Pedlosky, 1999; Inui et al., 2002] , propagation of anomalous signals within the mean circulation [Schneider et al. 1998; Lazar et al., 2001] , or both [Schneider, 2000] . It is reasonable to think that subduction of water masses in the tropics and low subtropics has a significant role in affecting the tropical and equatorial thermocline characteristics, and from there it is conceivable that low-frequency variability of the subduction is partly influencing interannual or decadal sea surface temperature variability.
[3] Progress substantiating any of these hypotheses will require a better knowledge of the sources and the circulation of the shallow subtropical-tropical cells (STC) that form the oceanic thermocline connections. In the low tropical Atlantic Ocean, the mixed layer flow is dominated by poleward transport except in the Southern Hemisphere within the north Brazil boundary current (NBC) [Blanke et al., 1999] . Therefore the subsurface equatorward branches of the STC provide the major connections from the subtropics to the tropics. Low-frequency changes in the subduction might alter their structure, which is why we want to understand the ventilation process in the first place. Hence in this paper, we provide basin-scale information on the seasonal cycle of formation and circulation of low latitude subsurface shallow water masses.
[4] Regarding the ventilation of tropical thermocline water and the surface sources of the subsurface limb of the STC, numerous studies of the subduction in the North Atlantic have been carried out [e.g., Marshall et al., 1993 (hereinafter referred to as MNW93); Williams et al., 1995; Marshall et al., 1999] . They developed a clear picture of the rate and duration of water mass formation in the northern basin, the results of which will be recalled in detail later in the present paper. On the other hand, no basin-scale analysis of these processes has been conducted in the South Atlantic and, despite the fact that the Southern Hemisphere provides nearly all the water of the upper equatorial thermocline.
[5] After identifying the sources within the mixed layer, we proceed to characterize of the subsurface branches of the Atlantic STC by identifying the pathways and the timescale associated with the circulation. Several recent studies succeeded in providing a global description of these pathways, especially in annual mean [e.g., Blanke et al., 1999; Malanotte-Rizzoli et al., 2000] . However, our knowledge of their seasonal variation, at subsurface in particular, is still essentially based upon localized studies. Thus more global basin-scale approaches to the question are required. For example, the strong seasonality of surface currents, particularly in the north, is associated with strong subsurface seasonality of the currents, especially as manifested in the heat transport [Hastenrath and Merle, 1986] . However, the variability of the subsurface flow was investigated with a 2.5 layer model by Lee and Csanady [1999] , who found it to be essentially limited to the equatorial undercurrent (EUC). Such results need further examination since it is reasonable to think that the high variability of the north equatorial countercurrent (NECC) has an imprint below the mixed layer. Of particular relevance to the study of interannual to decadal variability is the determination of the integrated effect of the seasonally varying circulation on the several-year journey of the water masses within the tropical thermocline.
[6] The present work uses output from an Atlantic Ocean GCM to provide a basin-scale depiction of the formation and circulation of the tropical thermocline water. We first diagnose the impact of the seasonal cycle on the rate, time and duration of the subduction using kinematic methods (section 3). We also discuss the validity of the results by comparison with some simple observational analyses. Then we diagnose the seasonal circulation within the core of the thermocline in term of conservative quantities. This enables us to discuss the timescale and the trajectories of the water masses over several years (section 4). Again we validate conclusions by intercomparison with some available observations. A concluding section summarizes and discusses the results of this work.
Model and Its Ocean Mixed Layer

Ocean Model
[7] We employ a reduced-gravity, primitive equation OGCM [Gent and Cane, 1989] coupled to an advective atmospheric mixed layer model (AML) [Seager et al., 1995] . Its Pacific and Indian versions are described extensively by Murtugudde and Busalacchi [1998] and Murtugudde et al. [2000] . The Atlantic model domain used here is described by Inui et al. [2002] . It spans (50°N, 50°S) Â (100°W, 20°E) with a horizontal resolution of 1/2°. The vertical structure of the upper ocean model consists of a mixed layer and 19 active layers below. Like temperature, salinity, horizontal currents and mixed layer depth, the thickness of the deepest active layer is computed prognostically. The remaining layers are computed diagnostically such that the ratio of each layer to the total depth below the mixed layer is held to its prescribed value (they are sigma layers, not isopycnal layers). As a result the resolution is enhanced just below the mixed layer, with typical annually averaged layer thickness in the tropics ranging from about 10 m (layers 1 -4), to 20 m (5 -8), to 40 m (9-11), to 60 m (12 -14), to 100 m (15 -16), to 200 m (17), to 300 m (18 -19). The deepest active layer is bounded at the bottom by an isopycnal surface and an inactive bottom layer below, both of which with a density of 1027.8 chosen because it corresponds in the Levitus and Boyer [1994] data to the 4°C isotherm, considered the lower limit of the thermocline. The potential density is computed using the UNESCO formula. The bulk mixed layer model [Kraus and Turner, 1967] relates entrainment and detrainment to the atmospheric input of turbulent kinetic energy and buoyancy. Below the mixed layer, a gradient Richardson number closure is added to a background diffusivity of 10 À5 m 2 s À1 [Chen et al., 1994] to derive vertical exchange of mass and water properties between layers. Lateral mixing of water properties, layer thickness and momentum is computed along sigma layers using a high order Shapiro filter.
[8] The ocean model is forced with climatological winds [Hellerman and Rosenstein, 1983] and the thermohaline fluxes of the AML, which is forced with climatological precipitation [Oberhuber, 1988] , ERBE radiation and ISCCP cloudiness. The model is spun up to a seasonal steady state with a repeated mean annual cycle of monthly varying climatological forcing fields. Our model lacks a deep circulation; its use for a diagnostic study of the Atlantic Ocean circulation must be discussed. Indeed, there may be a concern that by not resolving the lower part of the meridional overturning circulation, a reduced gravity model could underestimate the associated northward return flow of the upper ocean. This issue is partly addressed by restoring the temperature, salinity and layer thickness fields at the open ocean lateral boundaries toward the observed vertical profiles. Specifically, these quantities are relaxed to values computed from the Levitus and Boyer [1994] data in sponge layers over latitudes 55°-60°north and south, over longitudes 17°E-20°E south of Africa and over 9°W-11°W at the Strait of Gibraltar. Even though the velocities are set to zero at these open boundaries (no slip conditions), the sponge layer restoration allows for net mass flow in and out of the domain in each layer. These conditions create the observed net meridional pressure gradient and mass flux between the two polar boundaries that drives the upper limb of the meridional circulation. However, away from the open boundaries the distribution of this northward return flow may be altered by the reduced gravity approximation (i.e. the absence of deep flow and influences of topography). For this reason, we present several comparisons of the simulated fields with the observations, and we show that the characteristics of the model circulation discussed here are adequately realistic for the purposes of our study. In particular, for the depth interval we are interested in (the upper 500 m depth), the model simulates a net northward mass transport across the equator of 7 Sv (1 Sv = 10 6 m 3 s
À1
). This value lies on the low side of recent OGCM simulations: the FLAME simulations [Kröger, 2001 ] reach a value of 10 Sv, whereas the OPA OGCM, which is known to slightly overestimate the interhemispheric transport [Blanke et al., 1999] reaches 12 Sv for the same depth interval. In our simulation such an underestimated upper ocean crossequatorial transport does not significantly affect the quantification study of the subduction cycle (subduction rate, starting time and duration), as it is shown hereafter by favorable comparisons with the literature and the observations. Regarding the subsurface diagnostics presented in section 4, this characteristic could correspond to underestimated northward velocities within the upper thermocline south equatorial current (SEC). In fact, as discussed section 4c, these velocities have the correct order of magnitude, suggesting that this weakness of the model is confined to western boundary thermohaline currents, and that our subsurface analysis, focused on open ocean circulation mainly wind driven, is correct.
Annual Cycle of the Mixed Layer
[9] The bulk mixed layer model we used has a maximum allowable depth of 150 m. This prevents the model from correctly simulating the subduction cycle poleward of approximately 35 -40°of latitude, depending on hemisphere. Consequently we will limit our discussion to the results in the subdomain 40°N-40°S. The mixed layer depths in our simulation are generally deeper by 20 m (at low latitudes) to 50 m than the mixed layers computed by Levitus and Boyer [1994] , where the comparable calculation uses a criterion of vertical density difference with the surface of less than 0.125 kg m 3 ). This discrepancy is not deemed of primary importance since one of our goals here is to identify the changes in the mixed layer throughout the course of the year that affect the formation and subduction of the tropical thermocline water masses. In this case, the quantities that the model must simulate most correctly are the local amplitudes and phases of the mixed layer's seasonal variations, since these control the subduction and obduction [Qiu and Huang, 1995] instantaneous fluxes and their timing. A validation of the timing of the mixed layer depth variations follows, but before that, we check the amplitude of these variations. This is given by the time derivative of the monthly mean mixed layer depth, which is plotted for the Levitus and Boyer data and our simulation Figure 1 , for zonal averages in 10°latitude bands. It appears that the bulk mixed layer model reproduces reasonably the amplitude of the changes at midlatitude with a phase shift of at most one month, which is an acceptable difference for a monthly mean value comparison. Equatorward of 20°of [10] For the validation of the timing of the mixed layer cycle, which sets the season of water mass formation, we neglect the divergence of the mixed layer currents and consider any mixed layer shallowing event as a potential subduction event. This way, direct comparison with the Levitus and Boyer [1994] mixed layer cycle is possible. In the next section we will consider the full simulated subduction-obduction that includes the divergence of mixed layer currents. Figure 2 displays the horizontal distribution of the time of deepest mixed layer for the model and climatology. In subsequent times the mixed layer shoals presumably marking the beginning of the subduction period. This represents the simplest estimate of the starting months of subduction one can obtain from raw mixed layer depth observations. In the simulation (Figure 2b ), the shallowing in the Northern Hemisphere starts in January across a large subtropical band within the basin, and subsequently spreads around this band in February -March.
In Spring the process moves to the 10-20°latitude band until May. In the Southern Hemisphere, we find a somewhat comparable cycle with a starting period in July within a band somewhat symmetric about the equator to the Northern Hemisphere January band, then in August it expands meridionally (up to the equator along Brazil). Then in September the mixed layer reaches its maximum depth in a large band spreading from the Eastern subtropics to the western tropics and eventually the cycle ends in the equatorial band (with large January -February patches). The comparison with the field computed from the Levitus and Boyer data (Figure 2a ) is largely favorable in the Northern Hemisphere except for the January band that does not reach the eastern basin in this data set. The similarity is less striking in the south: north of 30°S, we find a similar starting patch in the center of the basin (spreading more to the north), but one to two months earlier, then the surroundings are reached in August with a late September patch in the east tropics, comparable but smaller to the simulation. Again the cycle terminates at the equator in January.
[11] The discrepancy in the south may be largely due to the uncertainties in the observations for this basin (wind forcing as well as mixed layer depth). For example, the same model forced by the Da Silva et al. [1994] wind product generates a central July pattern larger toward the equator and a reduced September patch (not shown). However, it is clear that the run forced by the Hellerman and Rosenstein [1983] winds simulates the late northern tropical pattern of deep mixed layer much better than does the Da Silva et al. run.
Subduction Cycle
Annual Subduction Rate
[12] Following Cushman- Roisin [1987] , the instantaneous subduction rate is the volume flux of mixed layer fluid entering the thermocline per unit horizontal area; neglecting evaporation and precipitation, it is defined by
The first right hand term is the change of mixed layer depth h and the second is the lateral divergence of the assumed vertically homogeneous mixed layer currents. Hence the instantaneous subduction rate at the base of the mixed layer in our model is simply obtained by subtracting the mixed layer depth time derivative from the convergence of the mixed layer transport hu (with u the horizontal velocity vector of the bulk mixed layer).
[13] In order to determine where the water masses of the subtropical and tropical upper Atlantic are formed and at what rate, we need to calculate the annual subduction rate S ann over the basin. This quantity differs greatly from the annual average of the instantaneous subduction rate since outside of the effective subduction period (end of winter and spring as discussed next chapter) fluid temporarily subducts into the seasonal thermocline but is then re-entrained into the mixed layer during winter [Cushman-Roisin, 1987] . Using the kinematic formulation proposed by Marshall and Marshall [1995] and Marshall et al. [1999] we identify S ann with the annual volume flux across the Eulerian interface z = ÀH(x, y) representing the base of the deepest mixed layer at a given location (a definition of the top of the permanent thermocline):
with V H and w H the annual mean horizontal and vertical velocity at the depth H. The model-derived annual subduction rate is shown Figure 3a . The large-scale pattern is characterized by four main regimes in the Northern Hemisphere. At the southern edge of the Gulf Stream and northern branch of the subtropical gyre, S ann is strongly positive (up to 200 m/year) due to the equatorward advection of water by the gyre below the (equatorward) shoaling mixed layer [Williams et al., 1995] . In the subtropical region and the western tropics, S ann is around 50 m/year mainly as a result of surface current convergences and associated downwellings ( Figure 3b ). The eastern tropics are characterized by entrainment due essentially to negative Ekman pumping. Note the strong positive pattern in the west around 5°N where the NECC flows eastward into the shoaling permanent thermocline. Except north of the midlatitude front where S ann is incorrect (it should be an intense entrainment area) due to the artificial limit to mixed layer depths in our model, these broad patterns are in good agreement with those found by Williams et al. [1995] and Marshall et al. [1999] in their North Atlantic model studies. When compared to the recent Lagrangian calculation by Blanke et al. [2002] , the rates have comparable order of magnitude, but there is a few degree downstream shift of the northern and southern salinity maximum waters (respectively centered at 20°N and 15°S) that reflects a systematic error associated with Eulerian calculation within the north equatorial current and the SEC.
[14] Assessment of the Southern Hemisphere subduction rate is an important result of our study since no large-scale depiction of it exists in the literature, and this basin plays a key role in the tropical Atlantic climate. Indeed the Southern Hemisphere provides most of the water making up the upper thermocline of the tropical Atlantic [Wilson et al., 1994; Stramma and England, 1999] . Figure 3 shows that Southern Hemisphere S ann has a much more regular distribution than in the north, and apart from the upwelling region in the eastern tropics, it is characterized by subduction at a rate of about 50 m/year. As in the north, the tropical entrainment region corresponds principally to the divergent Ekman transport associated with the trade winds. In contrast with the north, interior currents south of the equator do not impose a very important structure on the S ann field, nor are they large mixed-layer fronts as at the southern edge of the Gulf Stream. Consequently, S ann is in large part related to moderate downward pumping. Note though that due to the 150 m mixed layer depth limit, the ocean model is unable to correctly simulate the large production rate of south Atlantic mode water which occurs south of approximately 35°S [see, e.g., De Miranda et al., 1999] .
[15] As suggested by these results, wind forcing is the dominant factor determining the annual subduction rate, especially in the eastern tropics and parts of the Southern Hemisphere. In view of this dependency, we also computed S ann for a simulation forced by the Da Silva et al. [1994] wind product, which is characterized by generally weaker stresses than Hellerman and Rosenstein [1983] climatology [Inui et al., 2002] . This experiment had weaker subduction and obduction rates by a factor close to 2, principally in the tropics (not shown). This result emphasizes the requirement for an accurate wind climatology to correctly monitor the variability in the mass and temperature-salinity sources of the tropical thermocline.
Starting Time of Subduction
[16] Having determined the annual subduction rate, we next identify the month at which the shallowing mixed layer first starts to isolate water from atmospheric fluxes. Given the instantaneous subduction rate from equation (1), we computed in our simulation the time W 1 of the first subduction event, S(W 1 )>0, that occurs after the time of maximum local mixed layer depth. This criterion was chosen because as noted earlier, any waters subducted before the mixed layer reaches its maximum depth have no time to leave the area and are re-entrained into the mixed layer and have their properties reset to new characteristics. Our definition is directly linked to instantaneous subduction and is consequently less indirect than those used by MNW93 or Williams et al. [1995] . The first of these studies, which made the approximation that W 1 corresponds to the change of sign of the buoyancy flux into the mixed layer, neglected the role of wind stirring (that can support entrainment at the base of the mixed layer) in the cycle of subduction. The second study, which took W 1 as the time of local density maximum (change of sign of the total buoyancy flux), neglected the possibility of having a density maximum at the same time as a deepening of the mixed layer due to an increase of the wind stirring.
[17] Figure 4 displays the horizontal distribution of W 1 . The pattern is similar in the north to Figure 2 with a central region of first subduction in January, spreading to the rest of the subtropics, and continuing in the tropical area up to July. Subduction occurs from January to March in the Gulf Stream area, but we will not discuss this area in any detail since the water is entrained farther east later where the mixed layer is deeper (not net subduction, MNW93). In the south, the W 1 cycle is still characterized by a July central starting region (near 25°S), spreading in August to the rest of the subtropics, then in September to the midlatitudes and the tropics, and eventually in October in the eastern tropics. It is apparent that subduction in the subtropical and tropical Atlantic does not start everywhere at the end of winter as it is commonly thought. If one looks specifically at the regions of positive subduction (see Figure 3) , the range of starting time spans a four month interval in the south and five in the north.
[18] Understanding what processes are responsible for such a spread in the starting time of subduction is important in the context of low-frequency STC variability. The two main driving forces of the mixed layer seasonal cycle are the seasonal cycles of the net short wave radiation penetrating into the ocean, and of the wind speed controlling both the entrainment at the base of the mixed layer and the latent heat loss at the surface. In order to distinguish the role of these two forcing terms in producing the spatial patterns of W 1 , we performed two additional simulations. In the first, the model was spun up to a steady seasonal cycle after having filtered out any seasonality in the incoming short wave radiation (using its annual mean). In the second, it is the seasonality of the wind speed that was filtered out of the forcing of the mixed layer and AML models to obtain the steady seasonal cycle. The two corresponding maps of W 1 reveal striking differences ( Figure 5 ) when compared to the reference simulation. For the run with steady wind speed (Figure 5a ), the subduction cycle is well reproduced in the north only within a diagonal band, roughly subtropical, extending from 15°N to 30°N in the west and from 18°N to 40°N in the east. In the south, the W 1 patterns are correctly simulated at subtropical and mid latitudes. In contrast, for the run with steady short wave radiation (Figure 5b ), W 1 is comparable to our control run (Figure 4 ) in the regions incorrectly simulated by the steady wind run, but wrong elsewhere. This implies that the seasonal cycle in the short wave radiation plays a major role in determining the timing of the subduction within the subtropics, whereas it is the cycle of the winds that controls the timing of the subduction in the tropics and also at midlatitudes in the north. We are currently investigating the details of these results and the conclusions will be presented in a subsequent paper. In the meantime, preliminary analyses of the mixed layer scheme indicate that in regions of relatively weak winds like the subtropics (corresponding to the subsidence of the Hadley cell), shallowing of the mixed layer (and associated subduction) starts when the short wave radiation flux begins to increase in January in the north and July in the south. In the tropics and midlatitudes though, especially in the north, the trade and westerly winds are associated with much stronger wind speeds and consequently stronger wind stirring and latent heat loss. Therefore, the shallowing of the mixed Figure 4 . First month (from 1 to 12 for January to December) corresponding to net subduction into the thermocline computed from monthly mean of instantaneous subduction rate S(t). layer begins later in the year when these winds diminish enough to allow the stratification of the mixed layer, or when the shortwave radiation increases enough to overcome the effect (mixing and latent heat loss) of the wind speed. This is why the seasonal cycle of the wind is so important in setting W 1 in the tropics and midlatitudes as illustrated by these two sensitivity experiments.
Subduction Period
[19] The subduction period t eff provides fundamental information about the properties of the subducted water masses; it is the time over which the amount of water S ann is irreversibly isolated from the mixed layer by the shallowing mixed layer. The shorter this period, the more the thermocline water properties will be biased toward winter characteristics, and conversely. Following MNW93 we diagnosed t eff from the temporal evolution of S(t) and the knowledge of S ann , and W 1 , using the following equality:
Whereas a period can also be computed for negative subduction (entrainment) regions, we chose to calculate only the period of positive subduction. Indeed, as developed in the discussion chapter, the regions of entrainment are generally associated with upwelling and mixing that are thought to invalidate the kinematic calculation of the annual subduction rate there [Marshall et al., 1999] . Hence Figure 6 displays S ann only for the regions of positive annual rate of subduction shown in Figure 3 . Note that we did not compute t eff north of the subduction front related to lateral advection by the subtropical northern gyre, since the true annual subduction is negative there even though the model has positive values for wrong reasons (see x 3a). We also masked the 5N -5S equatorial band since the field is very noisy and requires a specific study addressing the subduction -entrainment there. In the figure, one sees that the subduction period is of order one month in the subtropics and lengthens up to five or six months in the western tropics, in agreement with the previous studies of the North Atlantic. In the northern tropics the time variations of mixed layer depth are smoother and smaller than at subtropical latitudes for comparable annual subduction rate, hence several months of a shallowing mixed layer are needed to produce the appropriate amount of water. In the south, the t eff estimates are also of order one month in the subtropics, but unlike in the north, the period lengthens only weakly in the tropics (one to two months). This discrepancy is explained by a smaller annual subduction rate in the area related to less surface current divergence. In summary, our analysis confirms that the northern and southern subtropics of the Atlantic Ocean have similar short subduction periods, but shows that the tropics differ about the equator with a three to five month subduction period for the north and one to two month for the south.
Circulation in the Thermocline
[20] While section 3 was aimed at quantifying the influence of the seasonal cycle on the formation of the tropical thermocline water masses, in section 4 we analyze the influence of the seasonal cycle on the long-term circulation of these water masses after their subduction. We choose to detail the isopycnal s = 25 kg m À3 since its circulation embodies the various types of pathways found at different levels of the subtropical-tropical circulation in the model. In order to first provide a general description of this circulation, the characteristics of its annual averaged are presented in the following paragraph.
Circulation in Annual Mean
[21] To obtain a global view of the annual mean circulation, we assume that away from the surface, the upwelling regions and the boundaries, turbulent mixing is sufficiently weak that water parcels conserve to a good approximation their density and Bernoulli function [Rothstein et al., 1998 ] (hereinafter referred to as B) defined as:
where r, u and v are the density and the horizontal components of the velocity, s = rÀ1000 (kg m
À3
) is associated to the isopycnal of interest and h the sea surface elevation. Based on this assumption, the flow is accurately depicted by the isopycnal projection of horizontal velocity vectors and B isolines. Alternatively, this diagnostic may be used to determine the regions where the flow becomes diabatic: the more the current vectors cross B isolines, the more the circulation has experienced mixing.
[22] Figure 7 displays the Bernoulli function and the currents on the isopycnal s = 25 kg m
, calculated from an annual average of the seasonal circulation. Poleward of the outcrop line, the mixed layer currents are plotted. It appears that for most of the basin, the current vectors and the isolines are parallel, suggesting a largely adiabatic flow character. As expected, the regions where the isolines cross Figure 6 . Subduction duration in months inferred from the kinematic estimate of the annual subduction rate, the starting time of subduction and the instantaneous subduction rate, c.i. = 1 month (up to 7). The duration is not computed in entrainment regions (see section 3.3) and in the 5N -5S latitude band.
(and thus the flow is more diabatic) are in the 5°N-5°S equatorial band, within a few degrees of the coasts and below the regions of maximum mixed layer entrainment identified Figure 3a .
[23] The thermocline water circulation patterns simulated by the model are in good agreement with observations [i.e., Stramma and Schott, 1999] . Starting from the central northern position of the mean outcrop line, the north equatorial current (NEC) flows south-westward north of 10°N. Part of this flow continues equatorward off the South American coast as the Guyana undercurrent (GUC) to feed the equatorial undercurrent (EUC), either through the retroflection of the north Brazil undercurrent (NBUC) or directly through the interior. This is one of two flow pathways that connect the northern subtropics and tropics. The second pathway, adjacent to the previous one, also begins with the NEC but feeds the north equatorial undercurrent (NEUC). Although they ventilate the tropical latitudes, these waters do not reach the equator. Rather, they move northeastward to eventually either recirculate in the NEC or reach the outcrop line. This exit window is located next to Africa, east of a small gyre centered at (15°N, 20°W): the Guinea Dome (shifting northward with depth). Note that a thin westward flow at about 5°N is visible along the EUC in the central basin and the Gulf of Guinea; it corresponds to the northern branch of the south equatorial current (nSEC).
[24] In the Southern Hemisphere, the southern branch of the SEC (sSEC) occupies the central tropical basin. At the Brazilian coast the flow at the s = 25 level bifurcates into the northward directed NBUC and southward Brazil current (BC). A second interior pathway is much broader than in the north; it is formed in the west by the equatorial branch of the SEC (eSEC). In the eastern half of the basin, the sSEC turns eastward to supply the south equatorial countercurrent (SECC) and the south equatorial undercurrent (SEUC) which together with the coastal GabonCongo undercurrent (GCUC) form the Angola gyre. The principal deviation from observations comes from the absence in the model of a central branch of SEC that should lie between the SECC and the SEUC. We attribute this to a lack of resolution. [25] In order to demonstrate how well our reference isopycnal surface illustrate the thermocline pathways, we additionally present on Figure 8 the circulation and the Bernoulli function on isopycnals 24.5 and 25.5 kg m À3 . The main pattern is that the proportion of waters that flow equatorward through the interior versus the western boundaries diminishes with depth in both hemispheres. These patterns are in good agreement with the kinematic study of Malanotte-Rizzoli et al. [2000] . The sensitivity of these results to the wind product is examined by Inui et al. [2002] , who demonstrate that the main change is in the Northern Hemisphere where the interior pathway broadens in response to Da Silva et al. [1994] wind product.
[26] We now look at the depth of the isopycnal as well as Q, the potential vorticity. For motion scales much larger than the Rossby deformation radius ($50-100 km), the relative vorticity is negligible compared to the stretching term so that Q can be approximated as:
Here f is the Coriolis parameter, and r i , the in situ density. In Figure 9 one sees that the 25.5 kg m À3 isopycnal is shallow in the east (depths of about 25 m), with minima east of the Guinea and Angola Domes where upwelling is maximum (Figure 3b ). The isopycnal deepens smoothly toward the west where it reaches maxima of about 180 m along the coast, in the regions of sSEC convergence at the coast in the south, and of the NBUC and the NEUC in the north (two regions of Rothstein et al., 1998 ] is particularly notable. This implies that this density class of waters in the Atlantic is able to flow toward the low tropical latitudes without passing by the western boundary (as it is visible in the Bernoulli function, Figure 7 ). The same fields are presented for comparison in Figure 10 for isopycnals 24.5 and 25.5. It is apparent especially in the north that the isolines within the 0°À10°N latitude band become more tilted northeastward in the east, corresponding to the closure of the interior communication pathway with depth.
Comparison with Observations
[27] In order to compare the simulated annual mean circulation with the observations, we again took the Levitus and Boyer [1994] data set as a reference. Due to the positive mixed layer depth bias in our model discussed earlier, the model water column is generally shifted by this same bias, which is about 50 m. Therefore in the following comparisons, we consider that the model results presented for the s25 isopycnal correspond to the s25.5 isopycnal in the Levitus and Boyer data set. Therefore the surface s = 25.5 in the Levitus and Boyer data was retained as the isopycnal of comparison. As a first order estimate for the geostrophic circulation, we defined the Bernoulli function as:
where s 0 = 27.5 is the reference layer (a deeper layer makes no noticeable difference) and r the potential density.
Comparison of the simulated and computed large-scale circulation on the two isopycnals in the Northern Hemisphere ( Figure 7 and Figure 11a) indicates that the main features of the observed large-scale circulation, for example, the NEUC (in the latitude band near 6°N and centered around 30°W) and the NEC, are well simulated by the model. Furthermore, as in the model (Figure 7) , the subducted water mass splits into the three branches as it moves southward. The western branch moves southwestward to reach the western boundary and eventually recirculates back to the midlatitude North Atlantic. The eastern branch moves southwestward and then eastward to reach the eastern boundary. Between these branches, the water mass moves equatorward to eventually join the equatorial undercurrent. Corresponding to this similarity in the circulation structures, the potential vorticity structures are also comparable (Figure 10 and Figure 11b ).
[28] Comparison in the south is more problematic. The latitudinal extension of the isopycnal surface is larger in the simulation, and the Bernoulli function as well as the Lagrangian trajectories computed from observations shows no indication of the Angola gyre. On the other hand, this gyre appears on the potential vorticity field as a maximum. The large uncertainties in the Levitus and Boyer data set in the southeastern tropics are likely the cause of these discrepancies. Hence we think that the simulated southeastern trajectories are more realistic than those computed from observations. The comparison of these various quantities for other isopycnal surfaces gives similar general results regarding the overall large-scale circulation, the trajectories and the timescales (not shown).
Seasonal Cycle of the Circulation Along S = 25
[29] Knowing the annual mean circulation, we next study the amplitude of its seasonal variations. Figure 12 displays the circulation for March and September for the same s = 25 isopycnal, as well as the difference. We superimposed the corresponding Bernoulli function; for the difference plot, the smallness of the nonlinear term in B allowed us to display simply the absolute value of the difference of the two seasonal Bernoulli functions and obtain a very good stream function to visualize the circulation difference. It is important to recall that B is a conservative quantity in a stationary adiabatic circulation. In other words, the validity of the formulation of B that we are using here is limited precisely to flows with negligible time derivative. Therefore, in addition to the limitation related to the diabatic character of the flow, flow crossing B isolines indicates that circulation is varying too rapidly for the steady state formulation of B to be valid. Satisfyingly, we note that most of the flow follows the B isolines and conclude that this diagnostic is helpful in describing the circulation patterns, even for our nonsteady flow.
[30] Deviations of currents from the time mean (compare with Figure 7 ) are clearly apparent in both location as well as intensity. As expected, strong variability in the intensity and eastern extension of the NEUC as well as that of the NEC mark the Northern Hemisphere. In winter, the more equatorial location of the ITCZ weakens the whole northern circulation and particularly the NEUC, favoring interior connections between the outcrop line and the equator. In contrast, the northward migration of the ITCZ in summer forces much more zonal and intense flows, and all the water coming from the outcrop line flows in the NEC first to the western boundary before some eventually reaches the equator. In the south, a narrow sSEC, a weak interior flow, and a very southern location of the outcrop line characterize the end of the boreal winter, whereas a broader sSEC and stronger currents mark the boreal summer. Globally, the variability of this circulation is characterized by important variations of the pathways in the Northern Hemisphere in relation with the seasonal migration of the ITCZ (Figure 12c) . Comparatively in the south, the pathways are much less variable but the associated isopycnal outcrop lines experience a large seasonal span of their positions.
Particle Trajectories Along S = 25
[31] In view of the considerable variability in the seasonal circulation, two main questions come to mind. What is the 
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.s À1 ); the absolute value is plotted in the Southern Hemisphere. integrated circulation pattern of the water masses resulting from their journey within this circulation? And, what are the resulting timescales of the integrated trajectories? In order to answer these questions, we injected floats at the outcrop line of the s = 25 isopycnal of the seasonally varying circulation and followed their trajectories over five years. The procedure we adopted was the same as by Lazar et al. [2001] and Rothstein et al. [1998] where the floats are released below the mixed layer and advected by the monthly mean horizontal currents projected along isopycnals. This calculation has the advantage of its greater simplicity compared to a calculation using rather the full three dimensional velocity field, but its validity is consequently limited to regions of low diapycnal velocities and small-scale mixing. Hence when looking at the float trajectories, one should trust more the results in the interior ocean away from the boundaries and the strong upwelling regions identified in Figure 3b (central equator and eastern tropics). Note that when a particle is re-entrained into the mixed layer, the advection computation is done with mixed layer currents. The initial location of the trajectories was chosen to span the region where water flows inside the tropical thermocline (no floats were injected in the equatorward branch of the subtropical gyre).
[32] Figure 13 shows the trajectories of floats released along the outcrop line in the north in March (hence the outcrop lines corresponds to those in Figure 12a ). Departing from near 15°N, one group of particles moves toward the western boundary in the NEC and reaches the equator through the NBC retroflection in less than three years, and possibly reaches the Gulf of Guinea in approximately four years (assuming vertical mixing does not cause them leave the isopycnal). The easternmost floats are entrained in the NEUC and after about five years, they either return close to their original location through the tropical recirculation, or exit the isopycnal in the Guinea Dome upwelling region. It is striking to note how close these integrated trajectories are to the Bernoulli isolines of the annual mean circulation. To avoid an overloaded figure, we invite the reader to superimpose Figure 7 and Figure 13 to check the high degree of similarity between the trajectories and the B field.
[33] In the south (Figure 14) , the September outcrop line is very close to the equator ( Figure 12b) ; hence this isopycnal does not illustrate best the connections between subtropics and tropics. However, it is characteristic of the ventilation of the tropical thermocline at low latitudes. The same patterns as observed in the annual mean circulation mark the trajectories: a wide window of equatorward pathways passing through the western boundary and the interior, as well as recirculation within the Angola gyre and eventual exit into the mixed layer. In the western half of the basin floats take less than 2 years to reach the equator, whereas in the east it takes 3 to 4 years to circulate out of the Angola gyre. Again there is a striking similarity between the trajectories and the annual mean flow described by the Bernoulli function in Figure 7 .
[34] These results suggest that the seasonal tropical circulation results in isopycnal flow pathways comparable to those inferred from the annual mean flow in terms of the location of the particles throughout their journey. The synthetic float diagnostic at shallower and deeper isopycnals of the thermocline comes to the same conclusion (not shown). In addition we computed trajectories starting in the late summer of both hemispheres. The ventilation of the thermocline can result from the propagation of anomalous signals (negative temperature anomaly; in particular, see Lazar et al. [2001] ) that could have subducted during summer. However, the result is the same; trajectories still follow rather closely the annual mean Bernoulli contours.
[35] In the Southern Hemisphere, this result is not surprising since the seasonal variability of the circulation pathways is very small within the subsurface SEC. In the north, one could expect more discrepancies between the two set of trajectories. To compare in a more definite and general manner the time-integrated advection by annually averaged versus seasonal velocity fields, a detailed study of the sensitivity of mean float trajectories to the seasonal cycle should be carried out in this region. A very large number of particles should be analyzed, especially with a focus on the impact of different resolution in time (role of short-term circulation events) and space (role of eddy mixing). Hence, our comparison must be considered as specific to our set of simulations, since other models or different model configurations could produce more differences between trajectories. Finally, it is worth noting that a companion paper [Inui et al., 2002 ] with the same model shows that annual mean surface forcing creates a circulation very close to the annual average of the seasonally forced circulation. Consequently the long-term float trajectories and pathways are very similar in the two papers.
[36] To check if the timescales of these trajectories are also in agreement with the steady circulation, we released floats on the annual mean isopycnal s = 25 and computed their trajectories using annual mean currents (Figure 15 ). Here the initial locations of the floats are along the annual mean outcrop line of the isopycnal and are consequently different from the seasonal outcrop line, especially in the south where the seasonal migration is larger. Considering this difference, it appears that for comparable initial positions, the timescales are often larger, up to one year, than those of the seasonal circulation. This difference is due to the smoothing effect of the annual average over the velocities.
[37] In order to compare with available observations, we also derived float trajectories based on climatological hydrography, the annual mean Levitus and Boyer data. Figure 7 ; the release was at the northern outcrop line in March and over the narrow window feeding the tropical thermocline. For one particle trajectory, each number and associated arrowhead corresponds to the duration in year and the position at the end of each year.
The horizontal velocity vector used to calculate the Lagrangian trajectories was computed as
with k the vertical unity vector, and B the Bernoulli function shown Figure 11a . As shown in Figure 16 , the timescale and the pathways of the trajectories are similar to those of the model in the north with a transit time of five to six years from the outcrop until the equatorial region or the boundaries are reached. In the south, the trajectories within the SEC are similar to the model trajectories but, as noted earlier for the Bernoulli function, the lack of the Angola gyre in the circulation means that no particles follow its recirculation.
[38] There is no doubt that the density gradients of the Levitus and Boyer data set, like our annual average, are far smoother than the synoptic field, and this leads to slow particle displacements. For the ventilation of the equatorial thermocline, it is mainly the open ocean subsurface velocities within the sSEC that set the lower limit of the water mass trajectory timescales. The most recent estimate from observations that we found of these velocities was a geostrophic computation by Stramma [1991] based on a March synoptic section at 15°W going from 5°S to 15°S. The southern branch of the SEC had a maximum at 13°S where the flow decreased from 10 À1 ms À1 at the surface to 5 Â 10 À2 m s À1 at 200 m depth. This velocity range corresponds well to our March field (Figure 12a ) that reaches the same subsurface value. This favorable comparison enhances our confidence in the timescales of the STC provided by our computations. Therefore we conclude that the simulated annual mean circulation of the tropical Atlantic thermocline contains enough information to determine the geographical characteristics of the several-year journeys of the water masses after subduction. Figure 15 constitutes a good summary representation of the subsurface circulation within this model domain in terms of pathways. Its timescales, ranging from 3 to 6 years, are slightly overestimated (by less than a year) compared to trajectories within the seasonal circulation.
Discussion and Conclusion
[39] The tropics correspond to the regions of the ocean that connect the equator and the subtropical ocean subbasins. It has been suggested that heat exchange across Figure 14 . Same as in Figure 13 but for releases at the southern outcrop line in September. these latitudes could constitute oceanic components of interannual to decadal coupled modes of low-latitude climate variability. Circulation at these latitudes is schematically organized in shallow subtropical-tropical cells (STC) having multiyear timescales for the subsurface flow paths. Interannual to decadal variability strongly modulates the climate of the tropical Atlantic, and it is therefore a region where these connections ought to be investigated. The knowledge of the thermocline branches of the STCs is far from being enough for a quantification and understanding of their role in these low-frequency modulations. Also, the processes of thermocline water formation and destruction have received much less attention in the tropics than at subtropical and mid latitudes, and this paper provides new information on when and how the low-latitude and equatorial thermocline is ventilated.
[40] Like in the Pacific, the obduction (often called upwelling) regions in the tropical Atlantic are localized in the eastern basin, however their spatial extent is far larger, reaching at least one third of the tropical zone. Consequently, thermocline water entrainment (or upwelling) will play a role in the control of the mean SST and its variability over a greater portion of the basin as compared to the Pacific. If this role is proven significant compared to surface processes at certain frequencies (it has not been shown yet), the STC, which feed these obduction regions, are likely to have an impact on the variability of tropical ocean-atmosphere coupled features like the Intertropical Convergence Zone, or the African monsoon.
[41] It is striking to see how different the tropical subduction and obduction rates are when the weaker winds from the Da Silva et al. [1994] climatology are used. The rates decrease by a factor close to two due to weaker absolute value of Ekman currents as well as weaker divergence and convergence. First, this illustrates the sensitivity of water renewal rates in the subtropical-tropical cells to wind intensity. Second, it underlines the requirement to reduce uncertainties in the wind forcing over the ocean to accurately quantify the impact of the subtropicaltropical oceanic subsurface connections on the variability of the tropical Atlantic SST.
[42] Consistent with previous studies, the annual subduction rates presented here were computed as advective fluxes using a purely kinematic calculation. The contribution of mixing to the annual subduction of thermocline waters was neglected. However, Marshall et al. [1999] showed that within the tropics of their North Atlantic model, in zonal average, the advective fluxes are not able to carry away all the buoyancy supplied by air-sea fluxes, and that some vertical mixing must complete the transfer. They suggested, following McWilliams et al. [1996] , that this mixing might occur principally in the upwelling regions off the coast of Africa. In agreement with these results, Nurser et al. [1999] showed in an isopycnal OGCM of the North Atlantic that vertical mixing in tropical upwelling regions and eastern boundary is essential in consuming the intermediate water of the thermocline. However, these latter authors found that the corresponding density transfer (lightening) achieved by mixing is still driven by advection through the bottom of the mixed layer. These results imply that our rate estimates must be taken with caution in the tropical upwelling regions. Further sensitivity studies should quantify in detail the horizontal distribution of vertical mixing and the associated surface sinks of tropical thermocline water.
[43] Regarding the timing of the subduction, we addressed the matter by quantifying the duration of subduction, and the month when subduction starts. Knowledge of both is needed to understand and quantify how the properties of the thermocline water are set at the surface. Whereas previous observations and modeling studies that focused on higher latitudes indicated that subduction starts at the end of winter, our analysis reveals a large span of starting time in the low subtropics and tropics, ranging from mid winter to late spring in the two hemispheres, with earlier times in the low subtropics and later times closer to the equator. A gross comparison with observations tends to confirm our results. Time of subduction initiation is explained by the seasonal cycle of the trade and westerly winds, in which speed decreases allow for mixed layer restratification by the short wave flux. This result shows that wind forcing is controlling water mass formation not only through its curl (driving subduction rates) and control of latent heat flux (determining temperature and salinity characteristics), but also through control of the subduction season (having an additional effect on water mass characteristics). It emphasizes how the sustenance and variability of the equatorial thermocline depend on the variability of the wind forcing in the Southern Hemisphere (main source of the equatorial undercurrent), and underlines again the necessity to reduce uncertainties in the wind forcing over this region. Our experiments that partitioned the control of subduction between wind and radiative forcing also provide insight into what regions may be susceptible to climate variability and change in wind and shortwave radiation forcing.
[44] The second part of our study was aimed at providing a synthetic picture of the circulation and long-term evolution of the subducted tropical water masses. The large seasonal variations in circulation were emphasized in the Northern Hemisphere in relation to the seasonal migration of the ITCZ. In the south, it appears that the flow pathways are less variable. Rather, it is the isopycnal outcrop position that varies strongly. Considering these significant variations, we followed particles along isopycnals over five-year periods, the approximate maximum time necessary for water particles to travel from an outcrop line to the equator or Figure 16 . Trajectories of floats advected by the geostrophic circulation computed from Levitus and Boyer [1994] data in annual mean along the isopycnal s = 25.5; each asterisk corresponds to the position of the particle every year. back to the outcrop or tropical obduction region. In the context of low-frequency variability studies associated with potential coupled ocean-atmosphere modes, this five-year timescale is the longest timescale associated with simple advection of (salinity compensated) heat anomalies within the subsurface branches of the Atlantic STC. It corresponds well to results of simulations carried out with the same model and studying the subduction and subsurface displacement of artificially imposed SST anomalies within the SEC [Lazar et al., 2001] .
[45] Obviously, the trajectories within a climatological circulation do not take into account the low-frequency variability of the pathways. The significance of the interannual to decadal variability of the subsurface circulation needs to be quantified especially in terms of its impact on the multiyear trajectories. Current extensions of this work are aimed at quantifying the impact of interannual to decadal variations of the atmosphere forcing on the subsurface branches of the subtropical-tropical cells and the integrated trajectories.
[46] Acknowledgments. We thank Sabine Arnault, J. Toole, and two anonymous reviewers for constructive comments. 
